Abstract: We revisit the alternative left-right symmetric model, motivated by superstring-inspired E 6 model. We systematically analyze the constraints imposed by theoretical and experimental bounds on the parameter space of this class of models. We perform a comprehensive analysis of the Higgs sector and show that three neutral CP-even and two CP-odd Higgs bosons in addition to two charged Higgs bosons can be light, of O(100) GeV. We emphasise that our model has a potential to account for the recent Large Hadron Collider results for signal strength of Higgs decays. We also explore discovery signatures of the exotic down-type quark, which is one of the salient predictions of this model.
Introduction
The discovery of neutrino masses and oscillations confirmed the fact that although the standard model (SM) is extremely accurate, it is still incomplete. The LeftRight Model (LRM) is the most natural extension of the SM that accounts for the measured neutrino masses and provides an elegant understanding for the origin of the parity violation in low energy weak interactions [1, 2, 3, 4, 5, 6, 7, 8] . The LRM is based on the gauge group SU(3) C × SU(2) L × SU(2) R × U(1) B−L × P , where P is the discrete parity symmetry. In the LRM, standard model fermions are assigned in the following left or right handed doublets:
gets the following estimate for the associated vevs: ∆ L = v L < ∼ O(1) GeV, ∆ R = v R > ∼ O (10 11 ) GeV, and Φ = diag{κ, κ ′ } with κ ′ ≪ κ and κ ∼ O(100) GeV [1, 3, 4] . It turns out that the Higgs sector of the LRM, in particular the Higgs triplets, may induce tree level flavor violating processes that contradict the current experimental limits. Therefore, it is usually assumed that SU(2) R × U(1) B−L is broken at a very high energy scale. In this case, it is not possible to detect any residual effect for SU(2) R gauge symmetry at TeV scale in the Large Hadron Collider (LHC). This has motivated Ernest Ma, in his pioneering work in 1987 [9] , to study variants of the conventional LRM. He has shown that the superstring inspired E 6 model may lead to two types of left-right models. The first one is the canonical LRM, while the second one is what is known as Alternative Left-Right Model (ALRM) [10, 11] , where the fermion assignments are different from those in the conventional LRM in the following: (i) an extra quark, d ′ R , instead of d R , is combined with u R and form SU(2) R doublet. (ii) an extra lepton, n R , instead of ν R , is combined with e R and form SU(2) R doublet. Therefore, the right-handed neutrino ν R is a true singlet and is no longer a part of the right-handed doublet.
It is remarkable that E 6 is a complex Lie group of rank 6. It includes the SO(10) group, so it is a good candidate for grand unification. Some string theories (Heterotic string) predict that the low energy effective model is symmetric under E 6 . Depending on the string model, E 6 may be broken to SO (10) and then to conventional LeftRight model or it may have another branch of symmetry breaking that lead to the Alternative Left-Right model that we consider. The particle content of the ALRM, derived from E 6 model, contains more particles than those in the conventional LRM obtained from SO (10) . This can be simply understood from the fact that the fundamental representation 27 of E 6 is equivalent to the fundamental representation 16 of SO(10) plus its 10 and singlet representations. In the conventional LRM all non-SM particles are decoupled and can be quite heavy. However, in the ALRM they are involved with the SM fermions and will have low energy consequences. Furthermore, another important difference between the ALRM and the conventional LRM is the fact that tree-level flavor-changing neutral currents are naturally absent, so that the SU(2) R breaking scale can be of order TeV, allowing to several interesting signatures at the LHC.
In this paper we aim at providing a comprehensive analysis for the phenomenological implications of the ALRM, with emphasis on the possible signatures of this model at the LHC. There are couple of recent papers [11, 12] that discuss specific phenomenological aspects of the ALRM, namely the Dark Matter search and Z ′ and W ′ signals at the LHC. Our goal here is twofold. Firstly, to analyze the Higgs sector of the ALRM and check if the recent results reported by ATLAS and CMS experiments on Higgs production and decays can be accommodated. Secondly, to explore the discovery signature of the exotic down-type quarks associated with this type of models at the LHC The latest results of ATLAS and CMS collaborations [13, 14] decays to jet and lepton plus missing energy. We find that the cross section of this process is of O(1) f b, which can be probed at the LHC with 14 TeV center of mass energy. The paper is organized as follows: In section 2 we briefly review the TeV scale ALRM. Section 3 is devoted for the Higgs sector, in particular for studying the mixing matrix of the Higgs bosons and investigating the existence of two light charged Higgs bosons. In section 4 we focus on the Higgs decay into diphoton in the ALRM. The discovery signatures of extra quark d ′ at the LHC is discussed in section 5. Finally we give our conclusions in section 6.
Alternative Left-Right Symmetric Model
We consider an ALRM based on SU(3) C ×SU(2) L ×SU(2) R ×U(1) B−L ×S, where S is a discrete symmetry imposed to distinguish between scalars and their dual scalars. The fermion content of this model, with their charge assignments, is presented in TABLE 1 [19] . As can be seen from this table, extra quarks and leptons are predicted as in all E 6 -based left-right models.
The Higgs sector of our ALRM consists of SU(2) R scalar doublet χ R to break
) 0 
The detailed quantum numbers of these Higgs bosons are presented in TABLE 2 [19] . In this case, the most general left-right symmetric Yukawa Lagrangian is given by
where Φ is the dual of the scalar bi-doublet Φ, defined as Φ = τ 2 Φ * τ 2 and χ L,R are the dual of the scalar doublets χ L,R , defined as χ L,R = iτ 2 χ * L,R . Note that the Yukawa terms likeψ LΦ ψ R andQ L ΦQ R are forbidden by the discrete S-symmetry only. A detailed discussion on the Higgs potential and the associated vevs will be given in the next section. Here we assume a non-vanishing vev of χ R : ′ and the charged leptons ℓ, in addition to the singlet fermion n, which is called scotino, acquire the following masses:
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where β is defined as tan
GeV. Moreover, the neutrino mass matrix is given by
The mass M R is not related to the SU(2) R symmetry breaking scale, so it can be quite large. This matrix can be diagonalized by a unitary matrix:
, where m ν l , m ν h are the well known seesaw mass eigenvalues of the light and heavy neutrinos, respectively:
Now we turn to the gauge sector of the ALRM, the covariant derivatives of the Higgs bosons are given by
After the spontaneous breaking of left-right symmetry down to elecroweak and then down to electromagnetism, the associated gauge bosons acquire masses, through the non-vanishing vevs of χ R , Φ and χ L . Due to the vanishing vev of φ 
The experimental searches for W ′ at LHC through their decays to electron/muon and neutrino leads to M W ′ > ∼ 2.5 TeV [20, 21] . The interactions of our W ′ µ with the SM fermions are given by 
In this case, one can show that the mass eigenvalue of the gauge boson A is identically zero. Therefore this gauge boson is the photon that should remain massless after symmetry breaking. The exact eigenstates Z, Z ′ are obtained as
The mixing angle ϑ is defined as
where
The LHC search for Z ′ gauge boson is rather model dependent. However, one may consider M Z ′ > ∼ 2 TeV as a conservative lower bound [22, 23] . In addition, the mixing between Z and Z ′ should be less than O(10 −3 ).
Higgs Sector in the ALRM

Symmetry Breaking
The Higgs sector of our ALRM consists of bi-doublet Φ with left and right doublets χ L and χ R . The charge assignments of these Higgs bosons are shown in TABLE 2. As mentioned in the previous section, the gauge symmetries
symmetries are broken by vevs of Φ and χ L . The most general Higgs potential which is invariant under these symmetries is given by [7] 
In the appendix, we provide a detailed study for the conditions that keep the potential (3.1) bounded from below. It is remarkable that the copositivity conditions [24, 25] for this Higgs potential significantly depend on the signs of the following parameters:
Here we present the case with minimal constraints imposed on the potential parameters:
In addition, from the minimization conditions, one finds that the non-vanishing vevs are given by
We use these equations to determine three parameters (µ 1 , µ 2 and λ 4 ) out of the ten free parameters in the Higgs potential (3.1) in terms of the vevs: v L = v cos β, k = v sin β, and v R ∼ O(1) TeV. Note that since the vevs v L , k are of the same order and the couplings λ 3,4 < ∼ O(1), the values of µ 3 can be smaller than v R .
Higgs Masses and Mixing
We begin by sixteen degrees of freedom; eight of Φ and eight of χ L and χ R . After symmetry breaking, two neutral components of these sixteen degrees of freedom will be eaten by the neutral gauge bosons Z and Z ′ to acquire their masses. In addition,
another four charged components will be eaten by the charged gauge bosons W ± and W ′± to acquire their masses. Therefore, ten scalars remain as physical Higgs bosons in this class of models. As we will explicitly show, four of them give CP-even neutral Higgs bosons, two lead to pseudo-scalar Higgs bosons and the remaining four give charged Higgs bosons.
Charged Higgs Bosons:
The mass matrix of the charged Higgs bosons, in the basis φ
, is a block diagonal matrix with the following two matrices, which respectively correspond to the bases φ 
where tan ζ = k/v R , in analogy to tan β = k/v L with left-right switch. These matrices can be diagonalized by the unitary transformations:
, 0 , where 
From these expressions, one can show that the mass of the charged Higgs can be of O(100) GeV.
CP-odd Higgs Bosons:
We now turn to the neutral Higgs Physical fields and their masses. This can be easily obtained if one develops the neutral components of the bi-doublets Φ and the doublets χ L,R around their vacuum into real and imaginary parts, i.e.,
In this case, the squared mass matrix of neutral Goldston and CP-odd Higgs bosons is given by
One finds that this mass matrix in the basis of (φ
is factored as a product of the squared mass of φ 0I i , which is totally decoupled due to the fact that we have κ 1 = 0, times the following 3 × 3 squared mass matrix of (φ
The mass of the first pseudo-scalar Higgs boson φ
14)
The matrix M 2 I can be diagonalized by the unitary transformation: constrains the parameter µ 3 to be negative. We find that the typical values of CP-odd Higgs masses are of O(100) GeV.
CP-even Higgs Bosons:
Finally we consider the CP-even Higgs bosons. Similar to the CP-odd Higgs, the squared mass matrix of CP-even Higgs bosons is given by 
This matrix can be diagonalized by a unitary transformation:
Couplings of the SM-like Higgs
From the Yukawa Lagrangian (2.1), one finds that the SM-like Higgs couplings with fermions in the ALRM are given by 20) where the elements T Φ , T L and T R are the mixing couplings of the gauge eigenstates φ 
25)
(3.27)
Finally, the SM-like Higgs couplings with the charged Higgs bosons are given by
where 
while ATLAS experiment reported that the signal strength of these decays are given by [17, 18] :
These results indicate suppression/enhancement in the diphoton decay channel, with more than 2σ deviation, which could be a very important signal for possible new physics beyond the SM. Many work has been done to accommodate these results in different extensions of the SM [26, 27, 28, 29, 30, 31, 32, 33, 34, 35] . The Higgs signal strength of decay channel, H → AA, relative to the SM expectation is defined as ± and H ± running in the loop of triangle diagrams can be generated. In our ALRM, these vertices are identically vanished due the discrete S symmetry. In this case, the one-loop partial decay width of the H decay into two photons is given by [26] 
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For Higgs mass of order 125 GeV and charged Higgs mass of order 200 GeV, the loop functions F 1 (x W ), F 1/2 (x t ) and F 0 (x H ± ) are of order −8.32, +1.38, and In FIG. 2 we display the changes in g HW W and Y Htt , normalized to their SM values. As can be seen from this figure, both couplings are significantly changed from their expectations in the SM. In addition, g HW W flipped its sign, hence a constructive interference between W -gauge boson and top quark contributions takes place that leads to an enhancement of Γ(H → γγ). One can understand this sign correlation from the fact that the parameters T Φ and T L in Eqs. (3.20,3.21) , which lead to the modifications of these couplings, have opposite signs in the allowed region of ALRM parameter space, as shown in FIG. 2 . Therefore, a constructive interference between top quark and W contributions to Γ(H → γγ) is now accessible.
The Higgs boson production at the LHC is dominated by gluon-gluon fusion. As in the SM, this channel is mediated by top-quarks via a one-loop triangle diagram. The extra quark d ′ gives a negligible contribution to gg → H due to the suppression of its coupling with SM-like Higgs and also its large mass. As mentioned, the top Yukawa coupling can be significantly different from the SM coupling, therefore, the ratio κ gg = Γ(H → gg)/Γ(H → gg) SM can be deviated from one. In FIG. 3 we display the results of κ γγ = Γ(H → γγ)/Γ(H → γγ) SM and κ gg as function of tan β for 0 < λ 1 , λ 3 , λ 4 
< 300 and µ 3 < 0, to be consistent with the minimization conditions and conditions of boundedness from below (3.2). It is worth mentioning that for µ 3 < 0, one finds, from the minimization conditions, that λ 4 − λ 3 > 0 and from (3.2), λ 3 ≥ 0 and hence λ 4 > λ 3 ≥ 0. In our numerical analysis, we express the 
, λ 3 , α 1 , α 2 . FIG. 3 shows that the values of κ γγ and κ gg can significantly deviate form one. In this case, it is clear that the signal strength µ γγ can be consistent with both ATLAS and CMS experimental results. In FIG. 4 we show the signal strength as a function of tan β, where other parameters are scanned in the above mentioned regions. For completeness, we also present the correlation between µ γγ and µ ZZ , which equals to µ W W in our model. Also the experimental results of µ W W and µ ZZ are now accessible.
Signatures at the LHC
In this section we study the interesting signatures of the exotic quark d ′ associated with our ALRM at the LHC. In particular, we will analyze and compute the cross section for the production of this heavy quark and its subsequent decays into jets, leptons and missing energy. The Lagrangian of d ′ interactions with the SM quarks can be derived from Eq. (2.1) as
where V ′ CKM is the right-handed quark mixing matrix. In addition, the kinetic Lagrangian of d ′ leads to the following interactions with SM gauge bosons
with λ a 's, a = 1, ..., 8, are the Gell-Mann matrices and ϑ is given in Eq. (2.14). Accordingly, in this case the pair production of d ′ at the LHC is dominated by the following channel: gg → d ′d′ . Considering all contributions from s,t and u-channels, the squared amplitude of this process is given by
In addition the squared amplitude of the pair production of
whereŝ,t are the partonic Mandelstam variables. The differential cross section is given by
where i, j refer to the partons. The partons energy fractions are given by x 1 x 2 =ŝ/s, so that the minimum parton energy fraction to produce
Therefore, one finds that the production cross section is given by One can show that the corresponding decay rate is given by decays into lepton and scotino through the interactions
Thus, the decay rate of H − 2 → e − n, for m e = 0, is given by
In FIG. 6 , we show the total cross section of this process with opposite-sign dilepton, which is the most striking signature for this exotic quark at the LHC. This cross section can be approximately written as Since the dominant decay channel of
and the charged Higgs decays mainly to l ± +n, one finds BR d In addition, we also impose a cut H T < 50 GeV, where H T is the total transverse hadronic energy: H T = hadronic particles || p T ||. It is remarkable that with H T cuts, signal can be much larger than the background. We have used Feynrules [36] to generate the model files and Calchep [37] and MadEvent5 [38, 39] to calculate the numerical values of the cross sections and number of events respectively.
Finally, we provide in TABLE 3 some details for the used cuts on P T and H T on signal and background for the process 
Conclusions
In this paper, we have analyzed some phenomenological aspects of the Alternative Left-Right model, motivated by superstring inspired E 6 model. We provided a detailed analysis for symmetry breaking and Higgs sector of this model, which consists of four neutral CP-even Higgs, two CP-odd Higgs and two charged Higgs bosons. We emphasized that three neutral CP-even Higgs and two CP-odd Higgs in addition to two charged Higgs can be light, of O(100) GeV. We also found that the contributions of charged Higgs bosons and the extra exotic quark d ′ to H → γγ are quite negligible. However, due to the modification of the couplings of the SM-like Higgs bosons with W -boson and the top quark, we found significant enhancements for the signal strength of H → γγ. So that our model can easily account for the recent reported results by ATLAS and CMS experiments at the LHC on the Higgs searches.
Finally, we studied the striking signatures of the exotic down-type quark at the LHC. In particular, we computed the cross section of d ′ -pair production . We have shown that the typical value of this cross section is of O(1) f b, which is quite accessible at the LHC. The decay of d ′ into jet, lepton and missing energy provides an important signature for this class of models at the LHC.
To study the boundedness from below, and hence the stability, of the potential (3.1) we use the following theorem [24, 25] to ensure that the matrix of the quartic terms, which are dominant at higher values of the fields, is copositive:
is copositive if and only if 1. a ≥ 0, C is copositive, 2. for any nonzero vector y ∈ R (n−1) , with y ≥ 0, if b T y ≤ 0, it follows that
The quartic terms of the potential (3.1) can be written as follows: For the potential (6.1) to be bounded from below, it must happen that the matrix 4F V be copositive and λ 2 ≤ 0 and α 2 − α 3 ≥ 0. The pseudoscalar Higgs mass (3.16) implies that µ 3 < 0. With the minimization condition (3.3), both imply that λ 4 > λ 3 . The copositivity implies that the diagonal elements λ 1 , λ 3 ≥ 0. Accordingly, λ 4 > λ 3 ≥ 0. It is remarkable that the copositivity of the matrix 4F V significantly depends on the signs of the parameters α 12 , α 13 and λ 12 . Here we present the cases depending on these signs.
1. α 12 ≥ 0, α 13 ≥ 0 and λ 12 ≥ 0: In this case the matrix 4F V is copositive and the potential is bounded from below. We deduce these conditions in details considering the case assumptions and using theorem 1. In order to make the 8 × 8 matrix 4F V be copositive, we shall make that first with the 7 × 7 matrix, C, arising from the matrix 4F V by eliminating the first row and the first column. In our case, it is sufficient to stop at this level, since the 6 × 6 matrix, C 1 , arising from the matrix 4F V by eliminating the first two rows and the first two columns is already copositive; being a matrix of nonnegative elements. Now, Since we have λ 2 ≤ 0, we impose the condition λ 1 + λ 2 ≥ 0 (6.11)
to make the quadratic form y (λ 1 x 1 + α 13 x 3 + α 12 x 4 + α 12 x 5 + α 13 x 6 ).
The copositivity condition (6.11) makes the corresponding quadratic form be increasing in x 2 (for any fixed values of the other x i 's) and hence we deduce that y T
